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Abstract
Walker, Rachel Alex. M.S., Department of Earth & Environmental Sciences,
Wright State University, 2017. Methylmercury Bioaccumulation in Spotted
Salamanders (Ambystoma maculatum) in Southern Ohio
Mercury (Hg) is a volatile element increasing in concentration in the
environment as a result of anthropogenic emissions. Microorganisms can
transform mercury into monomethylmercury (MMHg), the form of Hg that
bioaccumulates, biomagnifies, and can harm humans and wildlife. Most studies
of MMHg bioaccumulation in wildlife have focused on aquatic organisms due to
consumption of fish being the primary route of human exposure to MMHg.
However, organisms in terrestrial ecosystems also are exposed to MMHg that
may impact ecosystem biodiversity, food-web dynamics, and organisms and
ecosystem health. I investigated bioaccumulation and maternal transfer of MMHg
in spotted salamanders (Ambystoma maculatum) captured from two locations in
southern Ohio in 2016. Total length, weight, sex, and whole-body concentrations
of MMHg were determined for 159 organisms. Spotted salamanders in southern
Ohio bioaccumulated MMHg to concentrations (mean = 93 ± 33 ng/g dry wt.)
comparable to those is other salamander species in other locations. MMHg
concentrations in spotted salamander carcasses were unrelated to organism
size. MMHg was maternally transferred to eggs, but concentrations in eggs were
not strongly correlated with concentrations in associated maternal carcasses.
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MMHg concentrations in the distal 4 cm of tail were positively correlated with
concentrations in spotted salamander carcasses, which provides a nondestructive sampling method for future screening and biomonitoring MMHg
concentrations in these organisms. Due to their ubiquity, spotted salamanders
may be useful bioindicators of MMHg bioaccumulation and cycling in forested
ecosystems of southern Ohio, and by extension, other terrestrial ecosystems that
they inhabit.
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I.

Introduction
Mercury (Hg) is a volatile element that is increasing in concentration in the

environment as a result of anthropogenic emissions (Fitzgerald et al., 2007;
Fitzgerald et al., 1998), dominantly from fossil fuel combustion (Hammerschmidt,
2011; Streets et al., 2011). Natural emissions from volcanoes, crustal degassing,
and forest fires also contribute to the atmospheric reservoir of Hg (Fitzgerald and
Lamborg, 2002). Once emitted, gaseous elemental Hg (Hg0) is readily
transported over long distances in the atmosphere, where it has a residence time
of about one year (Lamborg et al. 2002). Mercury that is deposited to aquatic and
terrestrial systems can be transformed to monomethylmercury (MMHg), CH3Hg+,
by microorganisms such as sulfate- and iron-reducing bacteria (Compeau &
Bartha, 1985; Gilmour et al., 1992; Kerin et al., 2006; Fleming et al., 2006;
Gilmour et al., 2013). MMHg is toxic, bioaccumulates in heterotrophic organisms
mostly through their diet (Hall et al., 1997; Tsui and Wang, 2004), and
biomagnifies in food webs (Hammerschmidt and Fitzgerald, 2006), resulting in
top predators having the greatest risk of harm from MMHg exposure (Evers et al.,
2008). Most studies of MMHg bioaccumulation have focused on marine and
freshwater organisms due to consumption of fish being the primary route of
human exposure to MMHg (Fitzgerald and Clarkson, 1991; Sunderland, 2007).
However, organisms in terrestrial ecosystems also are exposed to MMHg that
may impact ecosystem biodiversity and health (Cristol et al., 2008).
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Amphibians are imperative to aquatic and terrestrial ecosystems they
populate. Spotted salamanders, specifically, have a crucial ecological role
regarding food web energy and nutrient contribution, therefore providing
ecosystem stability. Populations of salamanders are important to ecosystem
nutrient distribution and stability for numerous reasons (Davic and Hartwell,
2004). As mid-trophic positioned opportunistic predators of worms, and different
arthropods, including spiders and flies (Petranka et al., 1998; Wyman, 1998;
Pfingsten et al., 2013; Beard, 2002), spotted salamanders may control species
diversity and ecosystem processes among grazers and detritivores. Breeding
migrations between aquatic and terrestrial ecosystems allow nutrients to flow
between the two landscapes. Largely influenced by rain, terrestrial adult
salamanders migrate as far as about 1.6 km to breed in vernal pools and
wetlands (Pauly et al., 2007). Many consumers of salamanders, including
raccoons, snakes, minks, otters, wading birds, and turtles (Petranka, 1998;
Bergeron, 2010a), obtain energy and nutrients from salamanders.
Salamanders are often viewed as indicator, or representative, species
(Pfingsten et al., 2013) for specific ecosystems because they are sensitive to
environmental changes due to their thin skin that readily absorbs toxins. In
addition to their sensitivity, some salamander species can be used to monitor
stressors within both aquatic and terrestrial ecosystems because they have dual
life stages that couple the two habitats (Davic & Hartwell, 2004). Spotted
salamanders begin life strictly as aquatic organisms during a gilled-larval stage
(Pfingsten et al., 2013), later undergoing complete metamorphosis in which the
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larvae lose gills, develop eyelids and bones, and become terrestrial organisms,
no longer requiring bodies of water to function (Pfingsten et al., 2013). Other
salamander species, such as red-backed (Plethodon cinereus; Appendix Figure
A1) and two-lined salamanders (Eurycea bislineata; Appendix Figure A2), are
either lungless or gilled, and require moisture for respiration processes.
Not only does sensitivity to environmental changes make salamanders an
indicator species for ecosystems, salamanders also populate ecosystems in
large numbers. In the Hubbard Brook experimental forest of New Hampshire, for
example, five species of salamanders had a combined average density of 2,950
individuals per hectare and combined average biomass of 1.8 kg/ha wet weight
(Burton, 1975; Davic and Hartwell, 2004). At the peak of bird breeding season in
the forest, the combined biomass of the salamanders was estimated to be 2.6×
that of birds and equal to the areal mass of small mammals (Davic & Hartwell,
2004). Similar salamander abundances have been observed in an isolated
wetland in South Carolina (Gibbons et al., 2006).
The Ambystomidae family, commonly referred to as mole salamanders,
spend most their adult lives underground and under organic matter on forest
floors. Mole salamanders are migratory, exhibiting short distance movements
across various landscapes (up to ~1.6 km; Pauly et al. 2007). Mass migrations of
mole salamanders occur in late spring for reproduction, most often to small
bodies of water such as wetlands and vernal pools that do not contain fish that
could consume breeding adults, their eggs, and offspring. Of the 25 species of
salamanders in Ohio, eight species are mole salamanders, one of which is
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considered endangered, the blue-spotted salamander (Ambystoma laterale;
Appendix Figure A3). One of the most abundant species in Ohio is the spotted
salamander (Ambystoma maculatum; Appendix Figure A4), which is distributed
throughout all of Ohio and most of the eastern United States (Appendix Figure
A5).
Spotted salamanders are mid-level consumers. Adults have a diverse diet
consisting of forest-floor invertebrates, including earthworms, slugs, snails,
spiders, and other insects (Downs, 1989; Petranka, 1998; Wyman, 1998; Beard,
2002; Pfingsten et al., 2013). Mole salamander larvae are opportunistic
consumers of water beetles, tadpoles, zooplankton, and other salamander larvae
(Walls and Jaeger, 1987; Brodman, 1995, 1996).
Global populations of amphibians have been rapidly declining due to
habitat loss and degradation; wetlands are the most threatened ecosystem type
(Dahl, 1990) and sensitive to pollutants such as Hg (Lacerda and Fitzgerald,
2001). Spotted salamanders require wetlands and small bodies of water to
complete their lifecycle. It is possible that ground-foraging organisms, such as
spotted salamanders, can be exposed to MMHg from the forest floor as it
biomagnifies through terrestrial food webs (Hall et al., 2005; Rimmer et al., 2010;
Townsend et al., 2013). However, little is known about MMHg bioaccumulation in
amphibians and no studies have examined MMHg bioaccumulation in spotted
salamanders.
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II.

Research Objectives
Due to the ubiquity and abundance of spotted salamanders, they may be a

useful bioindicators of MMHg in terrestrial ecosystems of Ohio. I examined
MMHg in individual adult salamanders from varying locations in southern Ohio to
better understand geographical variations of concentrations and relationships to
morphological characteristics of the organisms. Furthermore, I and for the first
time, I examined whether spotted salamanders maternally transfer MMHg to their
eggs. Lastly, a non-destructive sampling method was developed for estimating
MMHg in spotted salamanders from concentrations in the distal portions of their
tails.
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III.

Background

3.1. Hg Transfers from Aquatic to Terrestrial Food Webs
Monomethylmercury is transferred between aquatic and terrestrial food
webs. Small bodies of water, such as vernal pools and ephemeral wetlands,
have a potential for Hg methylation and transfer of MMHg between aquatic are
terrestrial ecosystems via emigrating amphibians (Loftin et al., 2012; Townsend
et al., 2013). MMHg has the potential to transfer from aquatic to terrestrial food
webs, by bioaccumulating in terrestrial organisms that forage on aquatic
organisms. Conversely, terrestrially derived MMHg can be transferred to aquatic
food webs via oviposition during breeding in water. Acidic freshwater
ecosystems, such as wetlands that are exposed to high temperatures and have
high dissolved organic carbon (DOC) concentrations, facilitate MMHg
bioaccumulation and biomagnification (Bank et al., 2005; Gilmour and Henry,
1991).
Concentrations of total Hg (THg) and MMHg have been measured in a
variety of organisms occupying different trophic positions in Acadia National
Park, Maine, including salamanders. Microorganisms at the base of food webs in
Acadia National Park had MMHg concentrations ranging from 4.6 to 21 ng/g wet
weight and THg concentrations from 23 to 76 ng/g wet weight (Burgess, 1997),
assuming a 90% water content by mass. Amphibians that are consumers of
microorganisms had average THg concentrations of 66 ± 3 ng/g wet wt. in
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northern two-lined salamanders (Eurycea bislineata; n = 116), 25 ± 2 ng/g wet wt.
in green frog tadpoles (Rana clamitans, n = 61; Bank et al., 2005) and 19 ± 1
ng/g wet wt. in bullfrog tadpoles (Rana catosbeiana, n = 31; Bank et al., 2004). It
is possible that two-lined salamanders had greater concentrations of THg
because they were exposed to Hg over a longer period of time than either frog
species; two-lined salamanders remain in their larval stage for 1 to 3 years.
Piscivorous bird species from Mount Desert Island, Maine, such as bald
eagles (Haliaeetus leucocephalus) and common loons (Gavia immer), and
mammals such as mink (Mustela vison) and river otters (Lutra canadensis), also
indicate transfer of MMHg from aquatic systems to terrestrial organisms in
Acadia National Park due to their diet consisting of mostly fish and other small
carnivores (Bank et al. 2007). Amphibians are important prey of mink and otter
(Clavero & Delibes, 2005; Lake et al., 2007; Bergeron et al., 2010a) and could be
contributing MMHg to terrestrial food webs accordingly.
Moreover, populations of northern dusky salamanders (Desmognathus
fuscus fuscus; members of the Plethodontidae family, otherwise known as
lungless salamanders; Appendix Figure A6) have been declining in Acadia
National Park. One hypothesis for the decline of dusky salamanders is increased
MMHg exposure from consumption of northern two-lined salamanders and other
contaminated organisms (Bank et al., 2006). Adult and larval northern two-lined
salamanders sampled from headwater streams in Acadia National Park had
elevated levels of MMHg, potentially contributing to bioaccumulation of MMHg in
northern dusky salamanders (Bank et al., 2005, 2006).
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Bank et al. (2005) examined Hg bioaccumulation in northern two-lined
salamanders from Acadia National Park and found that MMHg was the dominant
form of Hg, comprising 73–97% of THg (n = 8 per stream, n = 4 streams; THg =
66 ± 3 ng/g). Most THg bioaccumulated in two-lined salamanders in Acadia
National Park is thought to occur during the aquatic, larval stage, which can last
from 1–3 years. They observed no significant correlations between THg
concentrations and either the length or weight of larvae. Larval and adult twolined salamanders had significantly more THg concentrations than juvenile brook
trout sampled from the same stream (P = 0.003; Bank et al., 2005).

3.2. Effects of Hg on Amphibians
When exposed to dietary Hg, as HgCl2, southern leopard frogs (Rana
sphenocephala) exhibited malformations during development (Unrine et al.,
2004). Tadpoles were exposed to environmentally realistic concentrations of Hgcontaminated aufwuchs (periphyton and other benthic food sources common to a
typical anuran diet) amended with HgCl2. Total Hg concentrations in aufwuchs
treatments ranged from 14 ng/g wet weight in the control (no added Hg) to 110
(low treatment), 370 (medium), and 860 ng/g (high). The concentration of THg in
the high aufwuchs treatment was 2× greater than that measured in aufwuchs
collected from the environment. Time to metamorphosis, size at metamorphosis,
metamorphic success, and growth and development during the larval period (60–
254 d) were examined after tadpoles were exposed to aufwuchs treatments.
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Unrine and colleagues (2004) monitored tadpoles every 1–2 days for food
consumption, abnormalities, and survival. The number of days to Gosner Stage
(GS; Gosner, 1960) 39, GS 42, and GS 46 were counted, with GS 46 denoted as
completion of metamorphosis. Larvae survival decreased with greater Hg
exposure from aufwuchs (P = 0.04). Survival of tadpoles that consumed the
control diet was 88% (one tadpole was injured and therefore removed) and the
low treatment had a survival of 100%. The medium and high treatments both had
survival rates of 72% with tadpole death occurring after GS 39, when hind legs
were developed (60–90 d).
Malformations were observed in tadpoles exposed HgCl2-contaminated
aufwuchs, and the number of malformation increased with THg concentration in
aufwuchs (Unrine et al., 2004). Malformations were defined in this study to be
scoliosis, microphtalmia, micromelia, and ectromelia in the tibia and fibulae of
both hind legs. Tadpoles that consumed the high Hg diet were, on average, 39%
heavier than control tadpoles (P = 0.02): tadpoles exposed to the high-Hg
treatment consumed entire rations, potentially as a stress response (Carr, 2002;
Unrine et al., 2004). Tadpoles exposed to the high treatment took longer to reach
GS 39 (P = 0.03), GS 42 (P = 0.03), and complete GS 46 (P = 0.02) relative to
controls.
Burke et al. (2010) observed adverse effects in northern two-lined
salamanders collected from a Hg-contaminated (n = 15 individuals) compared to
a reference site (n = 19) in the South River, Virginia. In a behavior and
performance study, observed responsiveness to prodding and travel time of adult
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salamanders from the contaminated site was significantly different than that of
salamanders from the reference site. However, in a second trial of the same
study, there was not a significant difference in responsiveness between
salamanders from the contaminated and reference sites. The authors observed
that individual motivation to feed, not efficiency at catching prey (i.e., flightless
fruit flies), was significantly different between contaminated and reference sites.
Salamanders from the contaminated site (4500 ± 350 ng/g dry wt) contained
significantly more THg than those from the reference site (250 ± 26 ng/g, P <
0.001).

3.3. Maternal Transfer of Hg and Effects of Hg on Offspring
Maternal transfer of contaminants, such as Hg, can cause adverse effects,
and sometimes mortality, to developing embryos. Due to their feeding behaviors,
amphibian larvae readily accumulate Hg, which can cause malformations during
metamorphosis. American toads (Bufo americanus) sampled from a Hgcontaminated site maternally transferred Hg to their offspring in proportion to
concentrations in the maternal carcass: both THg (r = 0.89, P < 0.0001, n = 48)
and MMHg (r = 0.91, P < 0.0001, n = 21) concentrations were positively
correlated between maternal whole-body and egg samples (Bergeron, 2010).
Twenty-seven reproductive pairs of American toads were sampled from
the South River, Virginia, upstream (reference) and downstream (contaminated)
of a Hg point source, to examine the effects of dietary THg exposures on larval
development from reference and contaminated sites (Bergeron et al., 2011).
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After breeding, reference and contaminated clutches of eggs were separated and
larvae were fed diets of varying concentrations of Hg, as Hg2+, for up to 28 days
(control = 10 ± 1 ng/g dry wt.; low = 2500 ± 60 ng/g; high = 10100 ± 2300 ng/g; n
= 25 per treatment). Concentrations of THg in larval toads differed significantly
between reference (21 ± 1 ng/g dry wt.) and contaminated egg clutches (149 ±
18 ng/g dry wt.; P = 0.006). Dietary and maternal exposure significantly affected
growth and development of larvae until front limb emergence (GS 42; diet, P =
0.02; maternal Hg exposure, P = 0.03), and diet had a significant effect on
organisms mass at GS 42 (P = 0.004) and GS 46 (tail resorption; P = 0.018). Hg
exposure had no effect on duration of the larval period (P = 0.79), however,
larvae fed the high Hg diet were 16% smaller than those fed the control diet, and
larvae from contaminated mothers were 10% smaller at GS 42 than those from
reference mothers. It also took contaminated larvae longer to resorb their tails
and THg exposure had negative effects on developing larvae locomotion.
Additionally, survival decreased during the metamorphic climax from dietary and
maternal Hg exposure, and the combination of maternal exposure and high Hg
diet led to a 50% reduction in metamorphic success, and a 125% greater
mortality compared to larvae from reference mothers raised on a control diet.
An increased duration of metamorphic climax can be detrimental to
amphibians in the environment due to an increased risk of vulnerability to
predation, and a decrease of immunological and energetic functions (Burke et al.
2010). Smaller amphibian size can negatively impact survival, reproduction, and
fecundity (Liang et al., 1994; Bergeron, 2011). During tail resorption by toads, Hg
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remobilizes from tail into circulation, making metamorphic climax a particularly
sensitive stage in development (Bergeron, 2011).

3.4. Non-Destructive Sampling of Salamanders
Most salamanders use tail autonomy as an escape mechanism, in which
the organism can release its tail to later be regenerated with either little or no
effect on lifestyle. Accordingly, non-destructive sampling techniques that
subsample a portion of the tail have been developed for some salamander
species. Bergeron et al. (2010a) sampled red-backed and northern two-lined
salamanders from sites upstream and downstream of a Hg-contaminated source
in the South River, Virginia, and examined Hg concentrations in whole bodies
and tails. They observed that THg concentrations were positively correlated
between tails (dependent variable) and whole bodies in both northern two-lined (r
= 0.99, P < 0.0001, n = 51, slope = 0.985) and red-backed salamanders (r =
0.97, P <0.0001, n = 24, slope =0.783). The differences in regression slopes
between the two species indicates that tail-body Hg relationships are salamander
species specific.
Non-destructive sampling techniques also were developed for THg in four
salamander species in the Pacific Northwest region of North America (Pfleeger et
al., 2016). These species included northwestern salamander (A. gracile, n =
133), long-toed salamander (A. marcodactylum, n = 11), rough-skinned newt
(Taricha granulosa, n = 39), and coastal giant salamander (Dicampton
tenebrosus, n = 42). Salamander tails were clipped 4 cm from the distal portion of
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the tail, and cut into segments of 0–1 (i.e., tip), 1–2, and 2–4 cm. Concentrations
of THg in all three segments of tails were positively correlated with the
corresponding THg whole-body concentration (P < 0.0001). However,
correlations and regression slope values differed among species and among tail
portions within species, suggesting that tail:body THg ratios differ among
salamander species and sampling methods. The strongest correlation between
concentrations in tail segments and whole bodies was different for each species
of salamander. Optimal tail clip segments were 0–1 cm (R2 = 0.92) for
northwestern salamander, 1–2 cm for long-toed salamander (R2 = 0.87) and
rough-skinned newt (R2 = 0.86), and 2–4 cm for coastal giant salamander (R2 =
0.97; Pfleeger et al., 2016).
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IV.

Methods

4.1 Area of Study
Spotted salamanders (n = 159) were sampled from year-round ponds
located in Ross and Highland Counties, in southern Ohio. The majority of the
salamanders were collected from Buzzard’s Roost Nature Preserve near the city
of Chillicothe, Ross County (n = 135). Buzzard’s Roost Nature Preserve is ~9 km
from downtown Chillicothe and is at a greater elevation than most of the
surrounding area (Appendix Figure A7). This location was selected because the
preserved land and its wildlife population is distant from direct anthropogenic
disturbances. Three pools located within the preserve were identified as Sites A,
B, and C. Sites A and B are old agricultural ponds, surrounded mostly by
maintained landscape, including mowed grass, a roadway, and man-made
structures, and all are adjacent to deciduous forest. Site C also is an old
agricultural pond but differs from Sites A and B because it is secluded and
surrounded entirely by dense forest. One side of the Site C pond is a pine stand
that has existed for ~25 yrs. None of the ponds are thought to contain fish nor
have either stream water inputs or outputs.
The fourth sampling pond (Site D; n = 24) is located in Hillsboro, Highland
County, Ohio, about 64 km southwest of the other three sites (Appendix Figure
A8). The pond at Site D is surrounded by deciduous forest and near a
conservation grassland. The pond at Site D also remains filled with water year-
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round and does not contain fish; however, it has inlet and outlet streams.

4.2 Salamander Sampling
Salamanders from Buzzard’s Roost Nature Preserve (Sites A, B, and C)
were sampled overnight on February 24 and March 4, 2016. Sampling at Site D
in Highland County occurred on March 10, 2016. Sampling events immediately
followed thunderstorms when air temperatures were between ~4–10 °C and
breeding migrations were occurring. Instead of one mass breeding migration,
multiple smaller migrations occurred in 2016 due to unseasonably warm
temperatures during the first three months of the year. Males were first to migrate
to the sampling sites in Buzzard’s Roost Nature Preserve, later followed by
females, as indicated by no females being sampled and observation of
spermatophores during the first sampling day (February 24). At Buzzard’s Roost,
salamanders were sampled with either unbaited funnel traps (Micacchion, 2011),
gloved hands, or dip nets. Site D was completely flooded; therefore, all
individuals were sampled with funnel traps placed at the sampling site before
storm activity. Funnel traps were recovered after the storms, and no salamanders
were observed either within or around the pond after removal of the traps from
the water.

4.3 Sample Preparation and Analysis
Salamanders were euthanized in the field with an overdose of tricaine
methane sulfonate, placed in separate and uniquely identified zip-type plastic
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bags, and stored on dry ice until they were transported to Wright State University.
At the university, salamanders were stored at −20 °C until they were thawed and
measured for total length (TL) and weighed for whole-body wet mass. The distal
4 cm of tail was dissected from each salamander with a clean stainless steel
blade and weighed. Egg sacs (including ovary tissue) were removed from gravid
females and weighed. Tails, egg sacs, and carcasses were stored in separate
plastic tubes and bags and refrozen before each sample was lyophilized to a
constant dry weight and water content was determined by mass difference. Dried
salamander carcasses were ground to a powder and homogenized with a
stainless-steel blender.
MMHg was determined after sample digestion in dilute HNO3. For
homogenized carcasses, a representative subsample (0.1–0.2 g) of each
organism was accurately weighed into an acid-cleaned 15-mL tube to which was
added 7 mL of 4.57 M HNO3 and then allowed to digest in a 60 °C covered water
bath for 12 h (Hammerschmidt and Fitzgerald, 2006). Dried whole tail clips
(0.106–0.267 g) and egg sacs (0.151–0.200 g) were digested similarly.
MMHg in samples was measured by gas-chromatographic cold vapor
atomic fluorescence spectrometry (GC-CVAFS; Tseng et al., 2004). An aliquot of
digestate was added to reagent-grade water (nominal resistivity > 18 MΩ-cm) in
a UConn-type bubbler (Lamborg et al., 2012), acidity was neutralized with KOH,
pH was buffered to 5 with acetate, and sample MMHg was derivatized with
sodium tertraethylborate. Derivatized MMHg (as methylethylmercury) was
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purged from solution with high-purity N2, concentrated on Tenax, and quantified
by GC-CVAFS (Tseng et al., 2004).
Sample MMHg was quantified after calibration with procedural blanks and
standard solutions that went through the digestion process. All blanks contained
undetectable amounts of MMHg. Biological reference materials TORT-2 and
TORT-3 (both lobster hepatopancreas, National Research Council of Canada)
were digested and analyzed with each batch of salamander samples, and about
10% of samples were either digested in replicate (carcasses only) or analyzed in
replicate. The mean measured concentration of MMHg in TORT-2 (n = 6) was
150 ± 4 ng/g (certified range = 139–165 ng/g) and measured MMHg in TORT-3
(n = 18) averaged 130 ± 3 ng/g (certified range = 125–149 ng/g). Reproducibility
among samples digested in triplicate averaged 2.8% relative standard deviation
(n = 8 sets of replicates). Analytical precision averaged 3.6 relative percent
difference among 16 samples analyzed in duplicate. The estimated method
detection limit for MMHg was less than 0.1 ng/g dry wt.
All statistical analyses were performed with SigmaPlot 12.3. Assumptions
of normality and homoscedasticity were tested with Shapiro-Wilk’s tests, and
Dunn’s and Holm Sidak methods. Analysis of variance (ANOVA) was used to
compare total length, whole body mass, and MMHg concentration among
sampling locations and linear regression was used to determine a correlation
between whole body samples and corresponding tail clips.
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V.

Results and Discussion

5.1 MMHg Bioaccumulation in Spotted Salamanders
There were no significant differences in MMHg concentration between
male and female spotted salamanders in this study. Females were collected from
each of the four sites but there were far fewer females (n = 15) than males (n =
144). Among all sites, MMHg concentrations were not different between males
and females (t-test, P = 0.14). The absence of differences between sexes
allowed for males and females to be combined for statistical purposes.
Spotted salamanders sampled from southern Ohio bioaccumulated
MMHg. The mean (± SD) measured concentration of MMHg in spotted
salamanders (93 ± 33 ng/g dry wt.) was comparable to those of other
salamander species sampled in other locations. Red-backed salamanders
collected from the Catskill Mountains, New York contained MMHg concentrations
ranging from 55 to 122 ng/g dry wt., and MMHg concentrations increased with
elevation (Townsend et al., 2013). In contrast, adult two-lined salamanders
sampled from Acadia National Park had average THg concentrations of 66 ± 3
ng/g wet wt. (Bank et al., 2005). Northern dusky salamanders in Acadia National
Park, Maine are hypothesized to have elevated levels of THg because their
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carnivorous diet consists largely of larval and adult two-lined salamanders (Bank
et al., 2006).
MMHg concentrations in carcasses of adult spotted salamanders were
independent of total length (Figure 1) and whole-body wet weights (Figure 2).
Accordingly, size is not a useful proxy for MMHg concentration in bodies of
spotted salamanders, at least at these locations. The average total length of
spotted salamanders differed between Sites B and C (P = 0.03; Table 1).
Average salamander lengths at Sites A and B were not different from either each
other or Sites C and D. Among all spotted salamanders, total length averaged
17.8 cm (range =14.7–21.6 cm). Average whole-body wet weights of spotted
salamanders were not different among sites (P = 0.22). Among all salamanders,
whole-body wet weight averaged 19.54 g (range =11.72–35.25 g).
The absence of a relationship between MMHg concentration and either
total length or whole-body weight is consistent with findings from other
salamander species at different locations. Total Hg concentrations in red-backed
salamanders were weakly related to body mass in the northeastern United States
(r = 0.35, P < 0.0001, slope = 0.78; Townsend and Driscoll, 2013). Additionally,
THg concentrations in larval two-lined salamanders were unrelated to either total
length or body weight in Acadia National Park (Bank et al., 2005). Because there
were no relationships between MMHg concentration and either length or mass of
spotted salamanders in this study, size is not a suitable proxy for MMHg
concentration. The absence of a relationship between MMHg concentration and
length in spotted salamanders is contrary to relationships commonly observed
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between the two variables in many species of freshwater (Lange et al. 1994) and
marine fish (Barber et al., 1972).
Average concentrations of MMHg in adult spotted salamander carcasses
differed among some of the sampling sites (Table 1). Concentrations of MMHg in
spotted salamanders sampled from Sites A and B were greater than those in
salamanders sampled from Sites C and D (P < 0.05). However, concentrations in
spotted salamanders sampled from Site A were not different from those at Site B.
Likewise, mean MMHg concentrations did not differ between Sites C and D. Site
C was approximately 64 km from Site D and both ponds were near forests.
Because stomatal uptake may attenuate Hg deposition to forested ecosystems
(Browne and Fang, 1978; St. Louis et al., 2001; Tabatchnick et al., 2012), it is
possible that spotted salamanders populating Sites C and D had less exposure
to atmospherically deposited Hg via their ground-foraging diet. Furthermore,
salamander larvae that bioaccumulate high concentrations of Hg in breeding
pools through environmental exposure to Hg after oviposition (Wolfe et al., 1998;
Bergeron et al. 2011) could have varying MMHg concentrations depending on
the amount of tree coverage over the bodies of water they are developing in
during metamorphosis.
Sites A and B had greater average MMHg concentrations in salamander
carcasses than either Sites C or D, possibly because Sites A and B have more
exposure to direct atmospheric Hg deposition. The absence of MMHg
concentration differences in salamanders between Sites A and B may be a result
of the same spotted salamander population using both ponds, which were less 1
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km apart and within the migration ranges of spotted salamanders (up to ~1 km;
Petranka, 1998). If Sites A and B were the same population, then it is possible
that the salamanders were consuming similar prey items, which could differ from
prey items, and their associated MMHg concentrations, consumed by
salamanders sampled at Sites C and D.
Moreover, because spotted salamanders demonstrate indeterminate
growth (Perrin and Sibley, 1993), the age of salamanders cannot be determined
from size alone. All salamanders sampled in this study were deemed to be adults
based on the physiological function of breeding, not size. It can be assumed that
smaller salamanders are younger than the larger ones, as with most organisms.
However, for the purpose of this study, age was not determined. Future studies
should consider methods to measure age to examine whether MMHg in
salamanders varies as a function of age, as it does in fish (e.g., Lange et al.,
1994).
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Figure 1. Relationship between methylmercury concentration in spotted
salamander carcasses and whole-body total length.
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Figure 2. Relationship between methylmercury concentration in spotted
salamander carcasses and whole-body wet weight.
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Table 1. Summary statistics (mean ± SD) of carcass (without eggs and tail tip)
methylmercury concentration and total length, water content, and whole-body wet
weight of whole salamanders among sampling sites.

Site
A
B
C
D

n
37
36
61
24

Total length
(cm)
17.6 ± 1.0
17.4 ± 1.2
18.1 ± 1.1
17.7 ± 1.3

Water
content
(%)
78.8 ± 4.4
77.5 ± 1.7
76.6 ± 1.9
76.7 ± 1.7

Whole-body
wet mass (g)
18.37 ± 4.31
18.33 ± 4.50
19.39 ± 3.05
19.28 ± 4.39

Carcass
MMHg
(ng/g dry wt.)
106 ± 29
112 ± 43
80 ± 24
78 ± 26
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5.2. MMHg Maternal Transfer in Spotted Salamanders
MMHg transfer from mother to egg was examined in11 gravid females
(Figure 3). MMHg concentrations in spotted salamander egg sacs (i.e., eggs +
ovary) ranged from 5 to 28 ng/g dry wt. and averaged 18% (range, 4–27%) of the
concentration in maternal carcasses. There was not a strong correlation between
MMHg concentrations in the egg sacs and those in the associated mother.
Fertilization of spotted salamander eggs is internal, therefore whether the eggs
had been fertilized was based on whether the eggs had a clear, gelatinous
coating. Only three of the eleven egg sacs appeared to have been fertilized. It
was not certain that eggs were completely removed from the egg sacs during
dissection, and inclusion of some or all of the ovarian tissue could have
contributed to the wide range of percentages of maternally transferred MMHg.
While partitioning of MMHg between and eggs and ovaries is unknown for
salamanders, MMHg concentrations in ovaries of freshwater fish, for example,
yellow perch (Perca flavescens), are much greater than those in eggs
(Hammerschmidt et al., 1999).
Maternal transfer of MMHg can cause adverse effects on developing
larvae (Bergeron, 2009), and salamander eggs and larvae are a source of
nutrients for many consumers in forested ecosystems. Because this is the first
time maternal transfer of MMHg has been examined in salamanders, future
research should seek to develop a method of egg removal from salamander egg
sacs for improved determination of maternal transfer of MMHg to eggs only.
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Although American toads (Bufo americanus) were found to maternally transfer
Hg to their offspring (Bergeron, 2010), the collection of eggs from spotted
salamanders differs in that spotted salamander eggs are internally fertilized,
therefore requiring dissection to obtain the eggs. Spotted salamanders are an
ideal amphibian species to study maternal transfer because they are fertilized
internally and not potentially compromised by environmental exposures after
oviposition.
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Figure 3. Relationship of concentrations of methylmercury in carcasses and
eggs of gravid spotted salamanders
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5.3. Non-Destructive Sampling Method for Spotted Salamanders
A non-destructive sampling method was developed for spotted
salamanders. MMHg concentration in tail clippings were positively correlated with
those in adult carcasses of spotted salamanders (Figure 4). This relationship
suggests that future research on MMHg in spotted salamanders may not require
destructive sampling to examine bioaccumulation. However, additional analyses
of paired carcasses and tail clips would likely strengthen the relationship and
reduce uncertainty. Previous studies have found different slopes between
salamander species, therefore a positive correlation for one species is not
indicative of another (Bergeron et al., 2010a; Pfleeger et al., 2016). However, by
comparing the 4 cm tail clips to the corresponding body sample, a positive
correlation indicates that for spotted salamanders, removing the distal portion of
the tail for analysis can be used to predict the MMHg concentration in carcasses.
Future studies should determine if varying the length of tail removal from
spotted salamanders could either improve the strength of the tail-to-carcass
MMHg correlation or if the slopes of the correlations vary according to tail clip
length. It is possible that a smaller length of tail clip could result in a stronger
correlation with concentrations in carcasses. Pfleeger et al. (2016) found varying
optimal lengths among salamander species, two of which were Ambystomids.
Stronger relationships between Hg concentrations in bodies and tails were
observed when a shorter length of tail, the distal either 1 or 2 cm, was removed.
Because spotted salamanders do not visibly show any external indication
of previous tail loss, it is unclear whether MMHg concentrations in tail slips are
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representative of those in the carcass if the tail had previously been regrown.
Given that bone does not bioaccumulate MMHg to concentrations comparable to
those in soft tissue, it is possible that when a tail is regenerated, MMHg within the
body is remobilized to the tip of the tail. Future research should consider variation
in MMHg concentration between original and regenerated tails.
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Figure 4. Relationship between methylmercury concentrations in carcasses and
tails of spotted salamanders (n = 30 organisms, R2 = 0.69, tail = 0.59(carcass) +
12.077).

30

5.4. Toxicological Significance
The observed breeding migrations of spotted salamanders during early
spring 2016 in both counties indicated that the species has a large biomass
within the forested ecosystems in those areas, and therefore can be used as a
terrestrial bioindicator in southern Ohio. Spotted salamanders bioaccumulated
MMHg, which has implications for biomagnification within terrestrial food webs.
Because spotted salamanders are mid-trophic level predators of many
organisms, they share a similar diet to other mid-level consumers that potentially
could be exposed to MMHg through their diet. Spotted salamanders also are
prey items for a variety of predators and are a vector for MMHg biomagnification.
Spotted salamanders sampled from southern Ohio had wet-weight MMHg
concentrations (mean = 21.2 ± 8.6 ng/g) that are well below toxicity thresholds for
MMHg in freshwater fish. Sublethal effects, such as decreased reproduction and
damage to cells and tissues, in freshwater fish are associated with whole-body
MMHg concentrations exceeding a 300–700 ng/g wet weight threshold
(Sandheinrich and Wiener, 2011). However, little is known about the toxicological
effects of MMHg in wildlife and concentrations associated with toxicity
(Scheuhammer et al., 2007). Because toxicological thresholds for MMHg in
amphibians are not well-developed, more research should be done on
behavioral, physiological, and sublethal physical and biochemical changes of
amphibians.
Although spotted salamanders from southern Ohio are below sublethal
toxicity thresholds established for MMHg in fish, salamanders can be a vector of
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MMHg to predators, particularly during breeding migrations from late winter to
early spring. Amphibians compose a large portion of mink and otter diet (Clavero
& Delibes, 2005; Lake et al., 2007; Bergeron et al., 2010a), it is possible that
predatory mammals could be exposed to dietary MMHg. Otters fed a MMHgcontaminated diet of fish developed anorexia and ataxia at a lowest observed
adverse effect level (LOAEL) dose of 90 ng/g dry weight (O’Connor and Neilsen,
1981), which is well within the range of concentrations in my study.
Due to the potential for MMHg to have deleterious effects on amphibians,
such as lack of motivation to feed, developmental malformations, and prolonged
metamorphosis (Unrine et al. 2004; Burke et al. 2010), more research is needed
on MMHg bioaccumulation and toxicity, particularly in industrious regions where
point sources of Hg to the environment may exacerbate MMHg production and
bioaccumulation. Spotted salamanders can be a useful bioindicator for forested
ecosystems in Ohio because of their nearly ubiquitous distribution in the state.
Research on MMHg bioaccumulation and toxicity in spotted salamanders can
help pave a way toward better understanding MMHg biomagnification in
terrestrial food webs and serve as an additional avenue toward conservation of
amphibians.

32

Literature Cited
Alberch, P., Gale, E. A. (1985). A developmental analysis of an evolutionary trend: digital
reduction in amphibians. Evolution 39, 8–23.
Bank, M. S., Loftin, C. S., Jung, R. E. (2005). Mercury bioaccumulation in northern twolined salamanders from streams in the northeastern United States. Ecotoxicology 14,
181–191.
Bank, M. S., Crocker, J. B., Davis, S., Brotherton, D. K., Cook, R., Behler, J., Connery,
B. (2006). Population decline of northern dusky salamanders at Acadia National
Park, Maine, USA. Biol. Conserv. 130, 230–238.
Bank, M. S., Burgess, J. R., Evers, D. C., Loftin, C. S. (2007). Mercury contamination of
biota from Acadia National Park, Maine: a review. Environ. Monit. Assess. 126, 105–
115.
Beard, K. H., Vogt, K. A., Kulmatiski, A. (2002). Top-down effects of a terrestrial frog on
forest nutrient dynamics. Oceologia 133, 583–593.
Bergeron, C. M., Bodinof, C. M., Unrine, J. M., Hopkins, W. A. (2010a).
Mercury accumulation along a contamination gradient and nondestructive indices
of bioaccumulation in amphibians. Environ. Toxicol. Chem. 29, 980–988.
Bergeron, C. M., Bodinof, C. M., Unrine, J. M., Hopkins, W. A. (2010b). Bioaccumulation
and maternal transfer of mercury and selenium in amphibians. Environ. Toxicol.
Chem. 29, 989–997.
Bergeron, C. M., Hopkins, W. A., Todd, B. D., Hepner, M. J., Unrine, J. M. (2011).
Interactive effects of maternal and dietary mercury exposure have latent and
lethal consequences for amphibian larvae. Environ. Sci. Technol. 45, 3781–3787.
Brodman, R. (1995). Annual variation in breeding success of two syntopic species of
Ambystoma salamanders. J. Herpetol. 29, 111–113.
Brodman, R. (1996). Effects of intra-guild interactions on fitness and microhabitat use of
larval Ambystoma salamanders. Copeia 1996, 372–378.
Browne, C. L. Fang, S. C. (1978). Uptake of mercury vapor by wheat. Plant Physio. 61,
430–433.
Burgess, J. R. (1997). Mercury contamination in fishes of Mount Desert Island and a
comparative food chain mercury study. Master's thesis, University of Maine,
Orono, Maine.

33

Burke, J. N., Bergeron, C. M., Todd, B. D., Hopkins, W. A. (2010). Effects of mercury on
behavior and performance of northern two-lined salamanders (Eurycea
bislineata). Environ. Pollut. 158. 3546–3551.
Burton, T. M., Likens, G. E. (1975). Salamander populations and biomass in the
Hubbard Brook experimental forest, New Hampshire. Copeia 1975, 541–546.
Carr, J. A. (2002). Stress, Neuropeptides, and Feeding Behavior: A Comparative
Perspective1. Integr Comp Biol. 42, 582-590.
Clavero, M., Prenda, J., Delibes, M. (2005). Amphibian and reptile consumption by otters
(Lutra lutra) in a coastal area in southern Iberian Peninsula. The Herpetol. J. 15,
125–131.
Cleckner, L. B., Garrison, P. J., Hurley, J. P., Olson, M. L., Krabbenhoft, D. P. (1998).
Trophic transfer of methyl mercury in the northern Florida
Everglades. Biogeochemistry. 40, 347–361.
Conant, R., Collins, J. T. (1998). A field guide to reptiles & amphibians: eastern and
central North America (Vol. 12). Houghton Mifflin Harcourt.
Compeau, G. C., Bartha, R. (1985). Sulfate-reducing bacteria: principal methylators of
mercury in anoxic estuarine sediment. Appl. Environ. Microbiol. 50, 498–502.
Cristol, D. A., Brasso, R. L., Condon, A. M., Fovargue, R. E., Friedman, S. L., Hallinger,
K. K., Monroe, A. P., White, A. E. (2008). The movement of aquatic mercury
through terrestrial food webs. Science 320, 335.
Dahl, T. E. (1990). Wetlands losses in the United States, 1780's to 1980's. Report to the
Congress. National Wetlands Inventory, St. Petersburg, FL (USA).
Davic, R. D., Hartwell (2004). On the ecological roles of salamanders. Ann. Rev. Ecol.
Evolut. Systemat. 35, 405–434.
Downs, F. L. (1989). Ambystoma maculatum, spotted salamander. Salamanders of
Ohio. Ohio Biological Survey Bulletin. Columbus, Ohio.
Dos Santos, I. R., Silva-Filho, E. V., Schaefer, C., Sella, S. M., Silva, C. A., Gomes, V.,
Jose da A. C. R. Passo, M., & Van Ngan, P. (2006). Baseline mercury and zinc
concentrations in terrestrial and coastal organisms of Admiralty Bay,
Antarctica. Environ. Pollut. 140, 304–311.
Evers, D. C., Savoy, L. J., DeSorbo, C. R., Yates, D. E., Hanson, W., Taylor, K. M.,
Siegel, L. S., Cooley, J. H., Bank, M. S., Major, A., Munney, K., (2008). Adverse
effects from environmental mercury loads on breeding common
loons. Ecotoxicology 17, 69–81.
Fitzgerald, W. F. (1989). Cycling of mercury between the atmosphere and oceans. In
The Role of Air-Sea Exchange in Geochemical Cycling. Buat-Menard, P. (ed.)
Springer Netherlands 185, 363–408.

34

Fitzgerald, W. F., Clarkson, T. W. (1991). Mercury and monomethylmercury: present and
future concerns. Environ. Health Perspect. 96, 159.
Fitzgerald, W. F., Engstrom, D. R., Mason, R. P., Nater, E. A. (1998). The case for
atmospheric mercury contamination in remote areas. Environ. Sci. Technol. 32,
1–7.
Fitzgerald, W. F., Lamborg, C. H., Hammerschmidt, C. R. (2007) Marine biogeochemical
cycling of mercury. Chem. Rev. 107, 641–662.
Gibbons, J. W., Winne, C. T., Scott, D. E., Willson, J. D., Glaudas, X., Andrews, K. M.,
Todd, B. D., Fedwa, L. A., Wilkinson, L., Tsaliagos, R. N., Harper, S. J., Greene,
J. L., Tuberville, T. D., Metts, B. S., Dorcas, M. E., Nestor, J. P., Young, C. A.,
Akre, T., Reed, R. N., Buhlmann, K. A., Norman, J., Croshaw, D. A., Hagen, C.,
Rothermel, B. B. (2006). Remarkable amphibian biomass and abundance in an
isolated wetland: implications for wetland conservation. Conserv. Biol. 20, 1457–
1465.
Gilmour, C. C., Henry, E. A. (1991). Mercury methylation in aquatic systems affected by
acid deposition. Environ. Pollut. 71, 131–169.
Gochfeld, M. (2003). Cases of mercury exposure, bioavailability, and absorption. Ecotox
Environ Safe. 56, 174–179.
Gosner, K. L. (1960). A simplified table for staging anuran embryos and larvae with
notes on identification. Herpetologica. 16, 183–190.
Hall, B. D., Bodaly, R. A., Fudge, R. J. P., Rudd, J. W. M., Rosenberg, D. M. (1997).
Food as the dominant pathway of methylmercury uptake by fish. Water Air Soil
Pollut. 100, 13–24.
Hall, B. D., Manolopoulos, H., Hurley, J. P., Schauer, J. J., Louis, V. S., Kenski, D.,
Keeler, G. J. (2005). Methyl and total mercury in precipitation in the Great Lakes
region. Atmos. Environ. 39, 7557–7569.
Hammerschmidt, C. R., & Fitzgerald, W. F. (2006). Bioaccumulation and trophic transfer
of methylmercury in Long Island Sound. Arch Environ Con Tox. 51, 416–424.
Lacerda, L. D., Fitzgerald, W. F. (2001). Biogeochemistry of mercury in wetlands. Wetl.
Ecol. Manag. 9, 291–293.
Lake, J. L., Ryba, S. A., Serbst, J., Brown, I. V., Charles, F., Gibson, L. (2007). Mercury
and stable isotopes of carbon and nitrogen in mink. Environ. Toxicol. Chem. 26,
2611–2619.
Lamborg, C. H., Fitzgerald, W. F., O’Donnell, J., Torgersen, T. (2002). A non-steadystate compartmental model of global-scale mercury biogeochemistry with
interhemispheric atmospheric gradients. Geochim. Cosmochim. Acta. 66, 1105–
1118.

35

Liang, L., Bloom, N. S., Horvat, M. (1994). Simultaneous determination of mercury
speciation in biological materials by GC/CVAFS after ethylation and roomtemperature precollection. Clin. Chem. 40, 602–607.
Loftin, C. S., Calhoun, A. J., Nelson, S. J., Elskus, A. A., Simon, K. (2012). Mercury
bioaccumulation in wood frogs developing in seasonal pools. Northeastern
Naturalist. 19, 579-600.
Mason, R. P., Fitzgerald, W. F., Morel, F. M. (1994). The biogeochemical cycling of
elemental mercury: anthropogenic influences. Geochim. Cosmochim. Acta. 58,
3191–3198.
Micacchion, M. (2011). Field manual for the amphibian index of biotic integrity (AmphIBI)
for wetlands. Ohio EPA Technical Report WET/2011-1. Ohio Environmental
Protection Agency, Wetland Ecology Group, Division of Surface Water,
Columbus, Ohio.
O’Connor, D. J., Nielsen, S. W., (1981). Environmental survey if methylmercury levels in
wild mink (Mustela vison) and otter (Lutra canadensis) from northeastern United
States and experimental pathology of methyl mercurialism in the otter. Worldwide
Furbearer Conference Proceedings, Frostburg, MD.
Pauly, G. B., Piskurek, O., & Shaffer, H. B. (2007). Phylogeographic concordance in the
southeastern United States: the flatwoods salamander, Ambystoma cingulatum,
as a test case. Molec. Ecol. 16, 415–429.
Petranka, J. W. (1998). Salamanders of the United States and Canada. Smithsonian
Institution Press.
Pfingsten, R. A., Davis, J. G., Matson, T. O., Lipps, G. L., Wynn, D., Armitage, B. J.,
(2013). Amphibians of Ohio (1st ed., Vol. 17). Ohio Biological Survey.
Ambystoma maculatum 17, Ch. 5, 113–127.
Pfleeger, A. Z., Eagles-Smith, C. A., Kowalski, B. M., Herring, G., Willacker Jr, J. J.,
Jackson, A. K., Pierce, J. R. (2016). From tails to toes: developing nonlethal
tissue indicators of mercury exposure in five amphibian
species. Ecotoxicology 25, 574–583.
Perrin, N., Sibly, R. (1993) Dynamic models of energy allocation and investment. Review
Ecol System. 24, 379–410.
Rao, J. I., Madhyastha, M. N., (1987). Toxicities of some heavy metals to the tadpoles of
frog Microhyla ornata. 36, 205–208.
Rimmer, C. C., McFarland, K. P., Evers, D. C., Miller, E. K., Aubry, Y., Busby, D., Taylor,
R. J. (2005). Mercury concentrations in Bicknell’s thrush and other insectivorous
passerines in montane forests of northeastern North America. Ecotoxicology 14,
223–240.

36

Rimmer, C. C., Miller, E. K., McFarland, K. P., Taylor, R. J. Faccio, S.D. (2010). Mercury
bioaccumulation and trophic transfer in the terrestrial food web of a montane
forest. Ecotoxicology 19, 697–709.
Roelke, M. E., Schultz, D. P., Facemire, C. F., Sundlof, S. F., Royals, H. E. (1991).
Mercury contamination in Florida panthers. Prepared by the Technical
Subcommittee of the Florida Panther Interagency Committee.
Sanheinrich, M. B., Wiener, J. G. (2011). Methylmercury in freshwater fish: recent
advances in assessing toxicity of environmentally relevant exposures. Environ
Contam in Biota. 2nd ed. (Beyer, W.N., Meador, J. P.) Taylor and Francis
Publishers, Boca Raton, Florida. 169–190.
Scheuhammer, A. M., Meyer, M. W., Sandheinrich, M. B., Murray, M. W. (2007). Effects
of environmental methylmercury on the health of wild birds, mammals, and
fish. Ambio 36, 12–19.
Sepulveda, M. S., Spalding, M. G., Frederick, P. C., Williams Jr, G. E., Lorzel, S. M.,
Samuelson, D. A. (1995). Effects of Elevated Mercury on the Reproductive
Success of Long-legged Wading Birds in the Everglades. Florida DEP Annual
Report.
Sørensen, N., Murata, K., Budtz-Jørgensen, E., Weihe, P., Grandjean, P. (1999).
Prenatal methylmercury exposure as a cardiovascular risk factor at seven years
of age. Epidemiology 10, 370–375.
Spalding, M. G., Bjork, R. D., Powell, G. V., Sundlof, S. F. (1994). Mercury and cause of
death in great white herons. J. Wildl. Manage. 58, 735–739.
Stafford, C. P., Haines, T. A. (1997). Mercury concentrations in Maine sport
fishes. Trans. Am. Fish. Soc. 126, 144–152.
Streets, D. G., Devane, M. K., Lu, Z., Bond, T. C., Sunderland, E. M., Jacob, D. J.,
(2011). All-time releases of mercury to the atmosphere from human activities.
Environ. Sci Technol. 45, 10485–10491.
Sundlof, S. F., Spalding, M. G., Wentworth, J. D., Steible, C. K. (1994). Mercury in livers
of wading birds (Ciconiiformes) in southern Florida. Arch. Environ. Contam.
Toxicol.. 27, 299–305.
Tabatchnick, M. D., Nogaro, G., Hammerschmidt, C. R. (2012). Potential sources of
methylmercury in tree foliage. Environ. Pollut. 160, 82–87.
Townsend, J. M., Driscoll, C. T. (2013). Red-backed salamander (Plethodon cinereus)
as a bioindicator of mercury in terrestrial forests of the northeastern United
States. Ecol Indic. 34, 168–171.
Townsend, J. M., Rimmer, C. C., Driscoll, C. T., McFarland, K. P., Inigo-Elias, E. (2013).
Mercury concentrations in tropical resident and migrant songbirds on
Hispaniola. Ecotoxicology 22, 86–93.

37

Trasande, L., Landrigan, P. J., Schechter, C. (2005). Public health and economic
consequences of methyl mercury toxicity to the developing brain. Environ. Health
Perspect. 113, 590–596.
Tsui, M. T. K., Wang, W.-X. (2004). Uptake and elimination routes of inorganic mercury
and methylmercury in Daphnia magna. Environ. Sci. Technol. 38, 808–816.
Unrine, J. M., Jagoe, C. H., Hopkins, W. A., Brant, H. A. (2004). Adverse effects of
ecologically relevant dietary mercury exposure in southern leopard frog (Rana
sphenocephala) larvae. Environ. Toxicol. Chem. 23, 2964–2970.
Walls, S. C., Jaeger, R. G. (1987). Aggression and exploitation as mechanisms of
competition in larval salamanders. Can. J. Zool. 65, 2938–2944.
Welsh, H. H., Lind, A. J. (2002). Multiscale habitat relationships of stream
amphibians in the Klamath-Siskiyou region of California and Oregon. J. Wildl.
Manage. 66, 581–602.
Wren, C. D., Hunter, D. B., Leatherland, J. F., Stokes, P. M., (1987). The effects
of polychlorinated biphenyls and methylmercury, singly and in combination, on
mink. Arch. Environ. Contam. Toxicol. 16, 441–447.
Wolfe, M. F., Schwarzbach, S., Sulaiman, R. A. (1998). Effects of mercury on wildlife: a
comprehensive review. Environ. Toxicol. Chem. 17, 146–160.
Wyman, R. L. (1998). Experimental assessment of salamanders as predators of detrital
food webs: effects on invertebrates, decomposition and the carbon cycle.
Biodivers Conserv. 7, 641–650.
Zahir, F., Rizwi, S. J., Haq, S. K., Khan, R. H. (2005). Low dose mercury toxicity and
human health. Environ Toxicol. Pharmacol. 20, 351-360.

38

Appendix

Figure A1. Adult red-backed salamanders (Plethodon cinereus). Photo credit:
Virginia Herpetological Society.

Figure A2. Adult northern two-lined salamander (Eurycea bislineata). Photo
credit: Virginia Herpetological Society.
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Figure A3. Adult blue spotted salamander (Ambystoma laterale). Photo credit:
New Hampshire Fish and Game.

Figure A4. Adult spotted salamander (Ambystoma maculatum). Photo
credit:Ohio Department of Natural Resources.
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Figure A5. Spotted salamander distribution (International Union for the
Conservation of Nature Red List).

Figure A6. Adult northern dusky salamander (Desmognathus fuscus fuscus).
Photo credit: Greg Lipps, Ohio Amphibians.
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Figure A7. Sampling Sites A, B, and C in Buzzard’s Roost Nature Preserve,
Chillicothe, Ross County, Ohio.

Figure A8. Conservation and surrounding rural land at sampling Site D in
Hillsboro, Highland County, Ohio.
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